Considerable efforts have been recently devoted to combining ultracold atoms and nanophotonic devices [1-4] to obtain not only better scalability and figures of merit than in free-space implementations, but also new paradigms for atom-photon interactions [5] . Dielectric waveguides offer a promising platform for such integration because they enable tight transverse confinement of the propagating light, strong photon-atom coupling in single-pass configurations and potentially long-range atom-atom interactions mediated by the guided photons. However, the preparation of non-classical quantum states in such atomwaveguide interfaces has not yet been realized. Here, by using arrays of individual caesium atoms trapped along an optical nanofibre [6, 7] , we observe a single collective atomic excitation [8, 9] coupled to a nanoscale waveguide. The stored collective entangled state can be efficiently read out with an external laser pulse, leading to on-demand emission of a single photon into the guided mode. We characterize the emitted single photon via the suppression of the two-photon component and confirm the single character of the atomic excitation, which can be retrieved with an efficiency of about 25%. Our results demonstrate a capability that is essential for the emerging field of waveguide quantum electrodynamics, with applications to quantum networking, quantum nonlinear optics and quantum many-body physics [10, 11] .
Considerable efforts have been recently devoted to combining ultracold atoms and nanophotonic devices [1] [2] [3] [4] to obtain not only better scalability and figures of merit than in free-space implementations, but also new paradigms for atom-photon interactions [5] . Dielectric waveguides offer a promising platform for such integration because they enable tight transverse confinement of the propagating light, strong photon-atom coupling in single-pass configurations and potentially long-range atom-atom interactions mediated by the guided photons. However, the preparation of non-classical quantum states in such atomwaveguide interfaces has not yet been realized. Here, by using arrays of individual caesium atoms trapped along an optical nanofibre [6, 7] , we observe a single collective atomic excitation [8, 9] coupled to a nanoscale waveguide. The stored collective entangled state can be efficiently read out with an external laser pulse, leading to on-demand emission of a single photon into the guided mode. We characterize the emitted single photon via the suppression of the two-photon component and confirm the single character of the atomic excitation, which can be retrieved with an efficiency of about 25%. Our results demonstrate a capability that is essential for the emerging field of waveguide quantum electrodynamics, with applications to quantum networking, quantum nonlinear optics and quantum many-body physics [10, 11] .
The integration of optical emitters and nanophotonic structures has been a major goal in optical physics and quantum information science. Over recent years, microand nanoscale lithographed cavities have enabled the confinement of light into smaller volumes and have led to a variety of realizations for single-atom cavity quantum electrodynamics (QED). These remarkable advances include the implementation of efficient solid-state singlephoton sources [12] and of quantum gate functionalities † Present address: Centro de Investigación y Estudios Avanzados del Instituto Politécnico Nacional -Unidad Querétaro, 76230 Querétaro, México ‡ Present address: Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland * julien.laurat@sorbonne-universite.fr [13] . In parallel to these cavity-based settings, the coupling of emitters to nanoscopic waveguides has also raised a large interest, with diverse platforms based on quantum dots [14] , molecules [15] or cold atoms [11] . This waveguide-QED approach, which is also pursued with superconducting qubits and microwave transmission lines [16] , enables the strong interaction of a single or multiple atoms with a guided mode, in a single-pass lossless configuration.
Besides the promise of scalable integrated quantum nodes and their combination into complex quantum networks for studying emergent phenomena [17] , waveguide-QED systems based on atomic ensembles have spurred an intense theoretical effort to investigate new avenues for light-matter and matter-matter interactions mediated by the guided photons [5] . Recent proposals include the engineering of many-body dark states arising from possible chiral coupling to the waveguide [18] , or the generation of entangled atomic states that can be mapped to complex multiphoton states with unprecedented fidelity scaling [19] . It has also been suggested that collective effects in trapped arrays enable the exponential improvement of photon storage fidelities using selective radiance [20] . Moreover, optical dispersion engineering of the waveguide and the resulting tunable long-range interaction between the atoms would give rise to new opportunities for quantum non-linear optics and simulation, including the generation of photon molecules [21] and the realization of a large class of spin Hamiltonians and synthetic quantum matter [22, 23] .
On the experimental front, cold atoms have been trapped in the evanescent field of nanoscale dielectric waveguides, such as optical nanofibres [1, 2] and photonic-crystal slow-mode waveguides [4] . These pionneering works have led to the first demonstrations of all-fibred optical memories [24, 25] and the observation of collective effects, such as super-radiance [26, 27] and Bragg reflection [28, 29] . To explore further this nascent field and emerging platforms, the capability to prepare non-classical states of the arrayed atoms is a major challenge that has yet to be realized.
Here we demonstrate the heralded creation of a waveguide-coupled single collective excitation of arrays of individual atoms. Previously, single collective excitations have been generated in free-space trapped atoms or in doped crystals, and they constitute a key resource for quantum networking tasks and quantum non-linear optics [9] [10] [11] . However, preparing such excitation in a chain of individual atoms -that is, an atomic register- and coupling such a non-classical state preferentially to a waveguide are two capabilities that remain elusive. In our experiment, we demonstrate these abilities and we characterize the collective entangled state by the subsequent on-demand emission of a guided single photon.
Our building block is illustrated in Fig. 1 . The atomic ensemble consists of a chain of Λ-type individual atoms trapped around a one-dimensional nanoscale waveguide and addressable via the evanescent tail of the guided mode. After initializing the atoms in the |g ground state, an external weak write pulse detuned from resonance illuminates the ensemble and induces spontaneous Raman scattered fields. The detection of a single photon in the Field-1 guided mode heralds the creation of a long-lived collective entangled state with one excitation shared among the whole atomic chain. To retrieve the written single excitation, an external read pulse is sent to the atomic ensemble after a programmable delay. The read pulse, which is resonant to the |s → |e transition, deterministically maps the excitation into a waveguidecoupled Field-2 single photon. Collective enhancement should enable this state transfer to be efficient, as demonstrated in free-space atomic ensembles following the seminal Duan-Lukin-Cirac-Zoller proposal [8, 9, 30, 31] .
The experimental set-up is detailed in Fig. 2 . We use a silica single-mode optical fibre and create a 1-cm long tapered region of 400-nm diameter by the standard heat-and-pull technique [6, 7] . The nanofibre is then suspended inside an ultrahigh vacuum chamber and connected to the outside via teflon feedthroughs. The overall transmission is above 98%.
In this setting, we trap arrays of laser-cooled cesium atoms in the evanescent field. The all-fibred dipole trap consists of two pairs of guided counterpropagating beams, one attractive red detuned and another repulsive blue detuned, operating at the specific cesium magic wavelengths [2] . In this state-insensitive compensated trap, the differential scalar and vector shifts are strongly suppressed. The polarization of the guided beams is aligned by measuring the polarization properties of the Rayleigh scattering from surface imperfections. The four dipole beams are quasi-linearly polarized along the x axis, as shown in Fig. 2 . Owing to the evanescent structure of the guided mode, the dipole trap generates two parallel chains of potential minima along the nanofibre waist, one on the top and one on the bottom, with at most one atom per site. We start the experiment by loading the dipole trap, which is constantly on (See Methods). For this purpose, a cigar-shaped magneto-optical trap is overlapped with the nanofibre axis and the cold atoms are loaded during a 4.5-ms-long optical molasses phase. In all of the following measurements, the optical depth (OD) of the trapped atomic ensemble is maintained at about 20 for a probe on the |g → |e transition and polarized along the x axis. This value corresponds to a total number of 2000 ± 200 atoms, as estimated via a saturation measurement. The single-atom coupling ratio Γ 1D /Γ 0 amounts thereby to about 10 −2 , where Γ 1D is the radiative decay rate into the guided mode and Γ 0 into free space. The trap lifetime is measured to be 25 ms. Additional details about the dipole trap, including its loading and characterization, are presented in Methods.
To create a single collective atomic excitation, we send a weak write pulse propagating in free space. The 50-ns-long write pulse is detuned by ∆ = −10 MHz from the |g → |e transition, and horizontally polarized along the y axis. The angle between the write beam and the nanofibre is minimized to a value α = 5
• and the waist is equal to 1 mm to overlap the atomic chains uniformly. At this stage, we herald a collective excitation in the ensemble by detecting a single photon in the Field-1 mode. We select the Field-1 mode to be the guided mode of the nanofibre, and quasi-linearly polarized along the x axis.
To study the stored excitation, a 10-mW external read pulse, resonant with the |s → |e transition, is sent to the ensemble after a programmable delay. The read beam is mode-matched to the write beam but travels in the opposite direction, and it is linearly polarized along the x axis, i.e., orthogonal to the write polarization. The read pulse maps the collective excitation into a Field-2 photon that escapes the ensemble, but in the opposite direction of Field 1. The Field-2 mode is also the guided mode but quasi-linearly polarized along the y axis.
To separate the Field-1 and Field-2 photons from the bright dipole lights and the residual leakage of the write and read auxiliary beams guided by the nanofibre, the photons are each directed to a filtering system, composed Two arrays of about 1000 cold cesium atoms each are trapped in the evanescent field of a 400-nm-diameter optical nanofibre. The state-insensitive compensated optical lattice is loaded from an elongated magnetooptical trap and realized by two pairs of guided counter-propagating beams at the cesium magic wavelengths. One red-detuned pair provides the attractive potential whereas one blue-detuned pair (with a relative detuning between the two beams) gives a repulsive contribution, overall realizing individual trapping sites 200 nm from the surface. The levels {|g , |s , |e } correspond to the Cs hyperfine levels {|6S 1/2 , F = 4 , |6S 1/2 , F = 3 , |6P 3/2 , F = 4 } and the atoms are initially prepared in the |g ground state. The heralded entangled atomic state is studied by the characterization of photon pairs, i.e., heralding Field-1 and readout Field-2 photons emitted into the guided modes, after frequency filtering via cascaded volume Bragg gratings (VBG), lens cavities (LC) and polarizing beamsplitters (PBS). Photons are detected with single-photon counting modules (APD1, APD2a and APD2b). DM stands for dichroic mirror and FBS for fibre beamsplitter.
of two cascaded volume Bragg gratings (VBG), a polarizing beamsplitter and a lens cavity (See Methods). In each filtering system, the total isolation from the dipole beams is 160 dB and the total transmission, including fibre coupling, is 40 %. After the filtering, the Field-1 and Field-2 photons are detected by single-photon avalanche photodiodes.
We now turn to the experimental characterization. We first study the non-classical correlations between the generated photon pairs, Field 1 and Field 2, via the normalized cross-correlation function g 12 = p 12 /(p 1 · p 2 ), where p 12 is the joint probability to detect a pair of photons and p i the probability of detecting a photon on field i [31] . The dependence of g 12 with p 1 , i.e., the excitation probability, is presented on Fig. 3a . We observe that the value of g 12 increases when the excitation probability is reduced, as expected. In addition, all the measured values are well above the classical bound [30] of 2, g 12 = 100 being the highest value observed. A value above ∼7 is required for violating a Bell inequality as in [32] where polarization entanglement is generated with a single node, and a value above ∼25 is necessary when two parallel pairs of entangled memories are used for realizing for instance a quantum repeater segment [33] . The reported values are well above these operational benchmarks, which are critical for the practical realization of elaborate quantum networking architectures [10] .
Given a stored collective excitation, a crucial feature is the retrieval efficiency q c , which measures the ability to efficiently retrieve this excitation as a photon after the read pulse is sent. To access this quantity, we first measure the conditional probability p c = p(2|1) = (p 12 /p 1 ) of detecting a guided Field-2 photon after retrieval. This probability is lower than q c due to the experimental losses in the Field-2 path. With η 2 the overall detection efficiency for Field-2 photons, q c and p c are directly related by q c = p c /η 2 . Experimentally we measure η 2 = 0.14, a value that includes the filtering system and fibre-connection transmissions as well as the detector efficiency. Figure 3b displays the retrieval efficiency q c as a function of p 1 . We can observe three different regimes. In the first one, for a large p 1 , q c increases as p 1 rises, which is in agreement with the multi-excitation process dependence on the write-field energy. The second region is a plateau in the q c curve and corresponds to the single excitation regime, as shown later. In this regime, the retrieval efficiency reaches a value of (25±3)%. The third region corresponds to very low excitation probability, where the noise background that creates false heralding events becomes predominant and thereby leads to lowered q c values. In the intermediate regime, i.e., p 1 ∼ 5.10 −3 , the experimental heralding rate is 5 kHz in the writing operation phase.
The points in Fig. 3a and 3b are fitted to a model that assumes the total output field state to be composed of a two-mode squeezed state plus background fields in coherent states corresponding to experimental imperfections (See Methods). These backgrounds can be proportional to the write field intensity, such as the light scattered from the write pulse into the guided mode, or independent of it, such as dark noise and read-beam scattering. The data agree well with this model. The retrieval efficiency is not currently limited by the optical depth. Additional measurements show a saturated value for ODs between 20 and 40, and a drop for larger ones. Similar trend was observed in free-space experiments, with efficiencies up to 50% [31] . Whereas this trend is originating from the multiple excited levels that lead to an effective source of decoherence, the mechanisms responsible for the difference in efficiency are under investigations and include polarization alignment, which is delicate in our fibred implementation. However, we note that a model of the employed protocol including multi-level atomic configuration has not been realized so far, even in free space to the best of our knowledge. Additionally here, the complex polarization structure of guided modes, i.e., spin-momentum locking of light, and the related possible chiral coupling [14] should be taken into account. This effect will play a major role if all the beams are guided. A full model will be the subject of future work and would provide not only paths for optimization but should also reveal specific phenomena to explore.
The results presented so far were obtained for a short storage time, i.e., 200 ns. Being stored in a coherent superposition of the ground state levels, the collective excitation can be readout at a later time. To further characterize the system, figure 3c provides the decay of the retrieval probability with the storage time. We obtain a memory lifetime of 3 µs. This value comes from the residual magnetic field that results in inhomogeneous broadening and decoherence of the stored excitation. The average broadening measured by microwave spectroscopy is on the order of 150 kHz, in agreement with the observed decay. The storage time could be greatly improved by optical pumping of the trapped atoms into a single Zeeman level that will enable to take advantage of the ms-range lifetime of the compensated dipole trap. However, preserving a large optical depth, and thereby an efficient readout, is challenging in this process. We are exploring refined atomic sample preparation and further cooling techniques to combine large optical depth and long storage time.
Finally, to confirm the single character of the heralded excitation and therefore the emission of a single photon into the guided mode after readout, we measure the degree of suppression w of the two-photon component of the retrieved Field 2 compared to a coherent state. For this purpose, a Hanbury Brown-Twiss setup composed of a 50/50 beam splitter and two single-photon detectors is inserted in the path of the Field-2 photon. Figure 4 shows the antibunching value w as a function of the correlation parameter g 12 . The value of w is ob- tained from single and joint probabilities by the expression w = (p 1 p 1,2a,2b )/(p 1,2a p 1,2b ) where p 1,2a,2b indicates the probability for triple coincidences, and p 1, 2a (p 1,2b ) the probability for coincidences between detectors APD 1 and APD 2a (APD 2b ). The lowest measured value is w = 0.10 ± 0.09 < 1 for g 12 = 45. This measurement confirms the single-photon character of the retrieved field and therefore that the intermediate plateau observed in Fig. 3b corresponds well to the single-excitation regime. The temporal mode of the guided single photon is given in the inset of Fig. 4 . The temporal width is of 26 ns, as expected for a strong square-shaped read pulse with a rise time of about 20 ns. We anticipate that widely tunable wave shapes can be obtained, with duration up to a few microseconds, as observed in a recent free-space implementation, without substantial change in the retrieval efficiency [34] .
Our results demonstrate the capability to herald, store, and read out a single collective atomic excitation that is preferentially coupled to a 1D nanoscale waveguide. This capability brings the emerging paradigm of atomic waveguide-QED into the quantum regime, and has both technological and fundamental importance. It first enables applications in quantum networks, where this platform can be immediately used as a wired node. Straightforward modifications to our setup would allow write and read beams to be guided, with ultra-low power at the fewphoton level. Spin-momentum locking will also lead to interesting investigations in this configuration [14] . Moreover, our realization paves the way to the initialization of preferentially coupled collective excitations in waveguide QED platforms, eventually within a larger space by accumulating excitations and following other heralding schemes, as well as to the exploration of quantum many-body physics in this setting. An important step would be to combine the capability demonstrated here for the still-limited single-atom coupling with ongoing efforts to achieve enhanced interaction in 1D structured waveguides [4, 35] , opening up the prospect of efficient single-pass quantum nonlinear optics protocols. Exciting applications may also arise from the combination of such quantum state engineering of the mesoscopic spin ensemble with potential single-atom addressing in the atomic register.
METHODS
In the following, we give a detailed description of the filtering system and present the laser sources and the experimental timing. We then give the characterization of the dipole trap and finally describe the theoretical model used to fit the presented data.
Filtering System. While the dipole trap is based on bright guided lights that are always on, working at the single-photon level for Field 1 and Field 2 is a key capability. Two filtering stages, one on each nanofibre tail, are necessary to reach high isolation. Each filtering system is composed of two cascaded volume Bragg gratings (OptiGrate), a polarizing beam splitter, and a commercial lens-based cavity (Quantaser FPE001B). The cascaded VBGs provide efficient filtering from the dipole beams with an isolation of 120 dB for a 0.2-nm bandwidth centered around 852 nm. The lens-based cavity has a transmission of 75 % with a bandwidth of 80 MHz and a rejection around 40 dB for the write (read) beam in the case of the Field-1 (Field-2) path. The total filtering system transmission reaches 40 % and includes the coupling into an optical fibre. The filtering system for Field-1 photons is shown in Extended Figure 1 and a similar system is used for Field-2 photons.
Laser Sources and Experimental Timing. Different laser sources are used in the experiment. The MOT-trapping and repumping beams are derived from two different laser diodes which are locked on the D2 line of 133 Cs (852 nm) via saturated absorption. To obtain the desired power in the trapping beams, a tapered amplifier (Toptica Photonics, BoosTA) is seeded to deliver 100 mW for each beam. The trapping light is red-detuned by 10 MHz from the |6S 1/2 , F = 4 → |6P 3/2 , F = 5 , while the repumping one is resonant to the |6S 1/2 , F = 3 → |6P 3/2 , F = 4 transition.
A Ti:sapphire laser (MSquared, SolsTiS) is stabilized on a reference cavity and frequency-locked via saturated absorption. From this laser we obtain the write beam, which is redExtended Data Figure 1 : Filtering system. The Field-1 beam travels through a filtering system where it is separated from the dipole trapping beams and the write field component coupled to the nanofibre. Two cascaded volume Bragg gratings (VBGs) provide isolation from the dipole beams, while the combination of a polarizing beamsplitter (PBS) and a lens cavity (LC) provides the desired isolation from the write beam. The total transmission of the filtering system is around 40%, including fibre coupling. A similar filtering system is used for Field 2. detuned by 10 MHz from the |6S 1/2 , F = 4 → |6P 3/2 , F = 4 transition. In addition, this laser gives the probe beam used to characterize the all-fibred dipole trap. A fourth laser diode provides the read beam resonant to the |6S 1/2 , F = 3 → |6P 3/2 , F = 4 transition. This laser is phase-locked to the Ti:sapphire laser at the cesium hyperfine splitting frequency (Vescent Photonics, D2-135). The timing and the detuning of all used laser beams are controlled using acousto-optic modulators (AOMs) in a double-pass configuration.
For the dipole trapping beams, we use three laser diodes (Toptica DLpro). The red-detuned light is at 935 nm, and bounces off a standard dichroic mirror to filter out the residual 852-nm component. Each beam has a power of 0.5 mW. The blue-detuned beams at 686 nm are generated by two different laser diodes because of the targeted relative detuning (100 GHz) and each has a power of 4.5 mW. These three lasers are free running and always on.
The timing of the experiment is shown in Extended Figure  2 . The experiment is performed at a repetition rate of 10 Hz. The MOT loading takes 60 ms after which the magnetic field is shut-off. For the next 4.5 ms we apply an optical molasses phase. The detuning of the MOT light is increased from −10 MHz to −80 MHz with a time constant of 4 ms, and its power decreases as well. The repumping power is also decreased with a 4-ms time constant. A final 0.5 mslong repumping pulse is sent to ensure the initial state of the atomic ensemble. After this stage, the MOT beams are completely shut-off and the dipole trap is considered loaded. The temperature of the atomic cloud after the molasses stage is measured to be 20 µK and it is obtained via a time-of-flight measurement.
The heralding and retrieval protocol starts 4.5 ms after the shut-off of the magnetic field and lasts a period of 1 ms. For each loading process, we perform between 200 and 1000 protocol repetitions depending on the storage time. Three Dipole Trap Characterization. The implemented twocolor [36] dipole trap follows a compensated, state-insensitive scheme for the |6S 1/2 → |6P 3/2 transition of 133 Cs [2] . Both the differential scalar shifts and the vector shifts are strongly suppressed, via the use of the cesium magic wavelengths (686 nm for the blue-detuned beams and 935 nm for the reddetuned ones) and the use of counter-propagating beams, respectively.
Before and after any experimental run, we measure the optical depth of the trapped ensemble by scanning a guided probe pulse on the |6S 1/2 , F = 4 → |6P 3/2 , F = 5 transition, quasi-linearly polarized along the x direction. Extended Figure 3a shows two different absorption profiles. Optical depths as large as 100 are measured, and can be decreased by reducing the loading time. For low optical depth, we verify the compensation of the dipole trap.
The number of trapped atoms is measured by saturation measurements. For the measurements presented in the main text, with OD∼ 40 on the |6S 1/2 , F = 4 → |6P 3/2 , F = 5 transition, the total number of atoms is kept to 2000. The lifetime of the trap has been measured to be 25 ms, as reported in Extended Figure 3b . Due to the tight atom localization in the microscopic traps [2, 28] , the inhomogeneous broadening in the atom-guided mode coupling is limited below 15%.
Theoretical Model. The experimental results presented in Fig. 3, i. e., g12 and qc, are fitted accordingly to a model that assumes the state for Field 1 and Field 2 at the output of the ensemble consists of a two-mode squeezed state,
plus background fields in coherent states that correspond to the experimental imperfections [37, 38] . We distinguish two backgrounds |ν1,2 proportional to the write field power and two incoherent backgrounds |ν 1b,2b to account for processes that do not depend on this power. The total field at the output of the atomic ensemble is thereby written as:
